Room-temperature indentation experiments carried out on nanocrystalline Ni 75at.% Al 25at.% alloy films with a range of grain sizes revealed that the strain-rate sensitivity of hardness is nearly zero and that the hardness increases as grain size decreases. The strain-rate insensitivity of hardness indicates that the room-temperature strength of these alloy films is dominated by an athermal, strain-rate-insensitive component. The hardness of the films was found to be in the range of 2.4 to 3.3 GPa, depending on grain size.
I. INTRODUCTION
When the grain size is reduced to the order of a few nanometers, it is often believed that dislocation activities will be suppressed. [1] [2] [3] [4] The need to understand the deformation mechanisms of nanocrystalline materials under load therefore opens up a new direction of research. In particular, it has been found that when the grain size falls below a very small critical value, the Hall-Petch slope is nearly zero with little increase in strength on decreasing grain size, or even the inverse Hall-Petch behavior will occur, in which the strength actually decreases with decreasing grain size. 5 Recent experiments on nanocrystalline copper also indicated the existence of a thermal and an athermal component of the flow strength. 6 The thermal component was found to have a strain-rate dependence of unity, i.e., strain rate is proportional to stress. This indicates a diffusive, Coble-creep-like mechanism. 7 When the deformation temperature is too low for diffusion to occur efficiently, the deformation mechanism is largely unknown. In this work, we performed room-temperature indentation experiments on a series of nanocrystalline Ni 75at.% Al 25at.% alloy films to measure the strain-rate sensitivity and grain-size dependence of the strength (hardness) of this type of materials.
We selected depth-sensing indentation as a means of deforming the material because it is a technique in which the deformation condition can be well-controlled with minimal requirements on the sample geometry. Theoretical self-similarity and steady state of the deformation field can be achieved by using a load schedule in which the indentation load rate is proportional to the load P, i.e.,
where k is the desired constant strain rate, and P o a small initial load. 8, 9 We used a type of Ni 75at.% Al 25at.% thin film sputter-deposited on nickel substrate as prototype nanocrystalline materials. The film thickness was about 3 m, and the indentation depths were typically shallower than 0.5 m, so in most cases the effect of the substrate was expected to be small. The grain size of the thin film in the as-deposited state was a few nanometers to roughly about 100 nm, depending on the heattreatment conditions (Fig. 1) . We used deposited thin films instead of bulk nanocrystalline specimens because the films prepared this way have a very smooth surface (roughness <10 nm on a 1 × 1 m scan), which is important for nanoindentation experiments.
II. EXPERIMENTAL
The Ni 75at.% Al 25at.% alloy thin films were prepared by direct current magnetron sputtering on nickel substrates using an alloyed target. As a continuous program in Hong Kong, the mechanical and electrical properties of this class of alloy thin films have been intensively investigated (see Refs. [10] [11] [12] [13] [14] [15] [16] , and details regarding the film deposition can be found in these references. Worth mentioning here is that the film in the as-deposited state without in situ substrate heating is nanocrystalline ( Fig. 1) with a face-centered-cubic lattice structure. 12 Although the overall atomic ratio is 3Ni:1Al, there is a relatively large amount of oxygen incorporated into the film structure, as is typical in sputter-deposited films. Ordering into the equilibrium L1 2 phase happens only after heat treatment at, say, 700°C. The grain size in these films can be controlled by suitable post-deposition heat treatment. 16 As shown in Fig. 1 , the grain size in the as-deposited state is only a few nanometers. Upon heat treatment at approximately 600°C, the grain size can be made to grow to about 40-50 nm, and at 800°C, the grain size can become approximately 100 nm. In this work, we used an as-deposited film, a film heat treated at 400°C, and one heat treated at 700°C. The 400°C film had grain size of about 10-20 nm, while the 700°C film's grain size was about 50-100 nm. Further details about the grain growth kinetics of this type of Ni 75at.% Al 25at.% thin films can be found in Ref. 16 .
Indentation experiments were carried out at room temperature on a Nanoindenter II in Oxford (MTS Systems Corporation, MN) with a Berkovich tip. All results reported below were obtained using a load schedule consisting of a short preload segment to P o ‫ס‬ 130 N under constant load rate for 10 s, followed by an exponential segment described by Eq. (1) to the same peak load of 40 mN, followed by unloading. It should be noted that the exponential load schedule in Eq. (1) would give rise to a constant strain rate k only during steady state, i.e., when the observed hardness is constant. For this reason, initial transient responses were ignored in the analyses below. The machine had the fastest loading rate corresponding to a strain rate k [Eq. (1)] of about 0.28 s −1 , and this corresponds to an overall test duration of about 30 s. The slowest strain rate used was k ‫ס‬ 1 × 10 −4 s −1 , corresponding to a test duration of about 16 h. For the slow experiments, the effect of thermal drift on the recorded displacement data was tremendous. Taking a typical drift rate of 0.01 nm s −1 as an example, the amount of drift during 16 h would be about 576 nm, and this is even larger than the displacement of about 500 nm at peak load recorded in a fast indentation experiment. In view of this, all experiments were carried out using the continuous stiffness mode, in which the contact stiffness S was recorded at regular intervals under a small alternating current (ac) force modulation at approximately 40 Hz. S measured this way is free from influence by thermal drift, and hence no drift correction is required. From contact mechanics, the contact radius a between the tip and the specimen surface is proportional to S, namely,
where E r is the reduced modulus, h is the indenter displacement, and is the semi-angle of the indenter. S is therefore a direct measure of the contact size. [17] [18] [19] The hardness P/a 2 of the specimen is therefore measured by the quantity P/S 2 . A series of control experiments using similar indentation conditions was conducted on a polycrystalline indium sample with a grain size of a few millimeters. The Figure 2 shows the effect of strain rate on the hardness characterized by P/S 2 in the as-deposited Ni 75at.% Al 25at.% nanocrystalline thin film. It can be seen that the hardness settles down to a steady-state value at each strain rate as load or time increases. It is also evident that the steadystate hardness shows no clear change at all over a strainrate change of 2800 times from 1 × 10 −4 s −1 to 0.28 s −1 . The strain-rate sensitivity of hardness in this case is therefore very close to zero. Figures 3 and 4 show, respectively, the P/S 2 versus load plots of the 400 and 700°C annealed films. It can be seen that the hardness also became quite steady at large loads, although it seems that the steadiness is not as good as that in the as-deposited film. The hardness data at different strain rates for the annealed films also seem to scatter a little more compared with the as-deposited film, but repeated testing using the same experimental conditions showed that the scatter is purely random, and there is no clear trend of hardness increasing or decreasing as strain rate increases. In other words, one must conclude that the strain-rate sensitivity of hardness for the annealed films is also very close to zero.
III. RESULTS
To show that a strong strain-rate dependence of hardness can indeed be detected by this indentation technique, control experiments on indium were performed. Indium has a melting point of 157°C and room temperature corresponds to 0.7 T m . Deformation is therefore likely to be diffusion controlled (e.g., dislocation creep), and the hardness of indium is known to exhibit a strong dependence on strain rate. 8 As shown in Fig. 5 , an obvious trend of decreasing P/S 2 as k decreases is indeed observed in our indium sample with our machine. The stress exponent estimated from these data is about 3.2. 
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Strain-rate sensitivity of hardness of nanocrystalline Ni 75at.% Al 25at.% alloy film Diffusional creep mechanisms (Herring-Nabarro or Coble) are Newtonian-like and have even stronger strainrate dependence than this. Hence, if diffusional creep mechanisms were active in our nanocrystalline films, the observed strain-rate dependence of hardness would have been prominent.
A quantitative measure of the hardness of our nanocrystalline films can be obtained by calibrating the contact stiffness (S) data against the displacement (h) data. As mentioned beforehand, the displacement data should be accurate when the test duration is small, as any drifts would have minute effects. This can be illustrated by Fig. 6 , which shows the S-h plots from independent indentation experiments on the as-deposited film. It can be seen that for the fast experiments (k ‫ס‬ 0.28 or 0.1 s −1 ), the plots are nearly identical, but for the slow experiments (k ഛ 1 × 10
), the h data have been severely affected by drifts so that plots from different runs can no longer be overlaid on top of one another. Moreover, in the fast experiments, S is observed to be proportional to h during loading as shown in Fig. 6 , thus Eq. (2) is verified. The slope S/h of the loading portion of the high strain rate data in Fig. 6 is approximately 5.7 × 10 11 Pa, and the E r worked out from S/h ‫ס‬ 2E r tan [Eq. (2)], is about 97 GPa. From Fig. 2 , the steady value of P/S 2 is about 2.5 × 10 −13 m 2 /N, and hence the hardness of the as-deposited film is
Assuming the macroscopic tensile yield strength to be one-third of the hardness, 21 the yield strength of the asdeposited film is about 1.1 GPa. Using a continuum analysis from an independent set of microhardness experiments on similar Ni 75at.% Al 25at.% nanocrystalline films, 14, 15 the yield strength of this type of film in the as-deposited state was estimated to be about 1.4 GPa. The two estimates of strength are therefore in agreement.
Similar analyses were applied to the 400 and 700°C annealed films. As can be seen by comparing Figs. 2 and 4 , the steady state P/S 2 value of the as-deposited film appears to be higher than that of the 400°C annealed film, which in turn is higher than that of the 700°C annealed film. The slope S/h of the loading portion of the highstrain-rate data from the annealed films was found to be roughly the same as that of the as-deposited film, as shown in Fig. 6 . This indicates that, as can be seen from Eq. (2), the elastic modulus of the film is not critically affected by annealing or grain growth. Using the observed steady-state P/S 2 values from Eq. (3), the hardness of the 400 and 700°C annealed films was determined to be about 2.6 and 2.4 GPa, respectively. In other words, the hardness of our Ni 75at.% Al 25at.% thin films decreases from about 3.3 to 2.4 GPa upon heat treatment and the associated grain growth from a few nanometers to 50-100 nm.
IV. DISCUSSION
The above results show that the strain-rate sensitivity of the hardness in our nanocrystalline films is nearly zero. This contradicts the existence of an important diffusive component at room temperature in this material. In other words, the room-temperature strength of this material is dominated by an athermal, strain-rate-insensitive component. This is interesting contrast to earlier tensile test results on nanocrystalline copper by Cai et al., 6 who have shown the existence of both a thermal and athermal component describable by the flow law
where⑀ is the strain rate, the applied stress, o a constant threshold stress (the athermal component), and C a constant containing the Boltzmann factor. The In other words, the flow rule in Eq. (4) was really concluded from a very narrow⑀ range, and its applicability to the wider domain is uncertain. Moreover, the strain rates used in the current experiments are at least three orders of magnitude higher than those used by Cai et al., and so the deformation conditions may not be comparable. In any case, the athermal stress o found by these authors was about 130 ± 10 MPa, and this is much larger than the change in stress of ഛ20 MPa observed in the strain-rate range they used. In other words, even though the thermal component exists in Cai et al.'s situation, the dominating component seems to be the athermal component.
We also found that the hardness of our thin films is a decreasing function of grain size. This is in agreement with many previous investigations using bulk nanocrystalline specimens. 5 If the mean grain sizes were 3, 15, and 75 nm for the as-deposited, 400°C annealed and 700°C annealed films, respectively, the corresponding measured hardness data of 3.3, 2.6, and 2.4 GPa would fall accurately onto a Hall-Petch plot with the grain-size exponent being −0.5. However, a wider range of grain size would be required to unambiguously verify the Hall-Petch relation or to disprove other functional dependence involving, for example, a different grain-size exponent.
V. CONCLUSIONS
Room-temperature indentation experiments were performed on a series of nanocrystalline Ni 75at.% Al 25at.% alloy films to measure the strain-rate sensitivity of hardness of this material. The strain-rate sensitivity of hardness was found to be zero. This indicates that the room-temperature strength of this material is dominated by an athermal, strain-rate insensitive component. The measured hardness in our nanocrystalline Ni 75at.% Al 25at.% alloy films was found to decrease from about 3.3 GPa to 2.4 GPa when the grain size increased from a few nanometers to roughly 50-100 nm.
